Recently 3T magnetic resonance imaging (MRI) has been introduced for bone imaging. Through higher signal-to-noise ratios, as compared to 1.5 T MRI, it promises to be a more powerful tool for the assessment of cortical and trabecular bone measures. The goal of our study was to compare MRI derived cortical and trabecular bone measures to quantitative computed tomography (QCT) derived bone mineral density (BMD).
Introduction
Osteoporosis is a systemic bone disease, characterized by reduced bone strength and a clinically manifested increase of fractures due to low-impact trauma. These fractures, especially at the site of the hip are commonly associated with immobilization, a significant decrease in the quality of life and a high mortality rate.
The amount of mineralized bone, assessed as bone mineral density (BMD) is a fundamental determinant of bone strength (1) (2) (3) (4) . BMD has been shown to account for approximately 60 -70% of bone strength (5, 6) . However, mere BMD measurements alone do not provide a sufficient discrimination between patients with and without increased fracture risk (6) (7) (8) . Thus to assess bone strength and to estimate the fracture risk, basic mechanical principles demand that beyond BMD, the spatial distribution of the material needs to be assessed as well.
The concept of "bone quality" was introduced by the National Institutes of Health Consensus Conference on Osteoporosis in 2001 (5) . Bone quality refers to the "sum total of characteristics of the bone that influence the bone's resistance to fracture" (9) . Beyond BMD these characteristics include the material composition of bone and its components (collagen, matrix proteins, mineral, water etc.). And furthermore it includes measures of the bones morphology, macro-and microarchitecture as well as dynamic measures such as the rate of bone turnover (10) .
For the assessment of BMD, which reflects the material properties of bone, densitometry methods have been established. DXA and QCT are the most frequently applied densitometry measurement methods in clinical practice.
Among the most important parameters reflecting the structural properties of bone, are those measuring trabecular and cortical bone micro-and macrostructure (11) . In terms of clinically applicable imaging methods though, it remains a challenge to accurately depict and assess trabecular and cortical bone measures.
For over a decade, the role of MR imaging in the analysis of bone architecture has been investigated using 1.5 T MR systems (12) (13) (14) (15) (16) (17) (18) . Despite the numerous established applications using 1.5T MR scanners, technical limitations need to be considered when bone analysis is performed. Such limitations include signal-to-noise constraints, restricted spatial in-plane resolution, anisotropic voxels due to slice thicknesses larger than the in-plane dimension, partial volume effects and susceptibility artifacts. With the introduction of 3T MR scanner systems it has been shown that higher-field strengths result in significant higher signal-to-noise ratios, and multiple in vitro studies have been shown that 3T MR derived trabecular and cortical measures reflect, more accurately than 1.5T derived measures, the true structure of bone (19) (20) (21) (22) .
This current study was performed to (i) demonstrate the feasibility of in vivo 3T MR imaging for the derivation of trabecular and cortical measures at non-weight bearing and weight bearing sites (radius vs. tibia and calcaneus); to (ii) intercorrelate trabecular and cortical measurements and to (iii) assess the relationship of MR derived measurements with volumetric QCT measures of the spine, the hip and the radius.
Materials and Methods

Study participants
51 postmenopausal female volunteers participated in our study (mean age 62 years; age range, 44 -85 years). Known bone metabolic disease conditions such as young idiopathic osteoporosis were considered exclusion criteria for the study, and other disease conditions or drug treatments that may lead to secondary alterations in bone metabolism. All volunteers underwent quantitative computed tomography (QCT) of the spine, the proximal femur, and distal radius and high resolution MRI of the distal radius, the distal tibia and the calcaneus. Imaging of the distal radius, the distal tibia and calcaneus was performed on the nondominant limb. Furthermore, body height and weight were assessed to compute body mass index (BMI) measures. The institutional review board approved the study and written informed consent was obtained from all volunteers.
Volumetric quantitative computed tomography (QCT)
All examinations were performed with a 16-row multidetector (MD) Spiral CT scanner (Mx8000 IDT, Philips Medical Systems, Best, Netherlands) and a dedicated calibration phantom. After image acquisition commercially available software (Mindways, CA, USA) was used to assess volumetric BMD. Standard, QCT examinations of L1 -L3 and of the proximal femur were performed in all subjects. The subject was positioned supine on the CT scanner table for the scans of the spine and the proximal femur with the calibration phantom located in the table mat in the region of interest. The spine scan was prescribed from the lateral scout and the scan included L1 -L3 vertebrae. The hip scan was prescribed from the AP scout and covered enough volume to include the hip from the top of the head to the lesser trochanter. A standard QCT protocol with 120 kVp, 90 mAs, and a slice thickness and increment of 3 mm was used. Lumbar BMD was determined in oval regions of interest in the anterior ¾ of the trabecular compartment of the L1 -L3 vertebra in an approximately 1 cm thick volume in the center of each vertebra, parallel to both endplates. Femoral BMD was determined in the trabecular compartment of the total proximal femur; after the bone was automatically segmented into the cortical and trabecular compartment, using a threshold-based algorithm provided by the manufacturer. Average 3D BMD values (mg/cm) of the trabecular compartment of L1 -L3 and the proximal femur were computed by using dedicated commercially available software (Mindways Software, Austin, TX, USA).
In addition, a QCT scan of the distal radius was obtained. For the wrist scan, the subject was positioned prone on the table with the arm extended above the head. The wrist was scanned with 80 kVp, 100 mAs at 0.75 seconds rotation time, pitch 0.9, field of view (FOV) 10 cm, and the slice thickness and increment were 2 mm. The wrist scan was prescribed to include the distal endplate. For assessment of radial BMD values in-house IDL (RSI, Boulder, CO, USA) software was used. As the histogram intensity distribution of the QCT images is bimodal, fully automatic threshold-based segmentation was performed to define the trabecular compartment. BMD values (mg/cm 2 ) of the trabecular compartment were then computed on a section-bysection basis to ensure comparability with the MR images (see analysis regions and registration of MRI and QCT results section).
3T MRI Scan Parameters
MRI was performed on a 3T Signa scanner (General Electric, Milwaukee, WI, USA) using a transmit/receive quadrature wrist coil (Mayo Foundation for Medical Education and Research, Rochester, MN, USA) for the distal radius and a 4-channel dual-paddle surface array coil (Nova Medical, Wilmington, MA, USA) for the tibia and calcaneus. Custom-built immobilization devices were used to reduce motion artifacts and to provide reproducible subject and coil positioning. Wrist imaging was done with the subject lying prone with their arm held over their head. The coil was mounted to an indexed plate set at a fixed 20 degree angle to the magnet bore and approximately 5 cm from iso-center. This position was found to give a reasonable compromise between subject comfort and signal-to-noise (SNR) loss due to coil rotation and displacement from iso-center. Ankle and foot images were acquired with the subject lying supine with the imaged leg secured in a custom holder.
For the distal radius imaging, a 3-plane localizer was obtained to check positioning and to visualize joint geometry for prescribing an anatomical coronal scout adjusted for coil and wrist rotation relative to the scanner axes. Axial "thick slice" (TS scan: 3D steady state free precession (SSFP) with 30 degree flip angle; 2 mm slice thickness; 512×512×32 matrix; 1 NEX; 8 cm FOV) and "high resolution" (HR scan: 3D SSFP with 40 degree flip angle; 0.5 mm slice thickness; 512×384×64 matrix; 2 NEX; 8 cm FOV) scans were prescribed on the coronal scout for cortical and trabecular bone quantification.
For the lower leg scans, a large FOV sagittal scout was run initially to check coil positioning and to prescribe 3 plane localizers on the calcaneus and on the distal tibia. Axial TS and HR scans were run on the tibia, similar to those on the radius except that a fully balanced SSFP (bSSFP), flip angle 60 degrees, sequence was used for the tibia HR scan. For the calcaneus only a sagittal HR scan for trabecular structure was run, using the bSSFP sequence with FOV of 10 cm. TE and TR were set automatically by the scanner for all sequences. TR varied from 10.7 ms to 14 ms for the TS scans, from 15.7 to 18.1 ms for the radius and tibia HR scans, and from 11.5 ms to 11.8 ms for the calcaneus scan. TE varied from 3.2 ms to 4.7 ms for all the SSFP scans, and was 6.5 ms for the bSSFP sequence.
All axial scans on the radius and tibia were aligned with the distal end of the scan prescription approximately on the distal endplate, giving coverage in the TS scans of the most distal 5 cm of the bone and in the HR scans of approximately 2.5 cm, allowing for rejection of end slices due to aliasing in the slice direction. The non-balanced SSFP sequence was chosen for TS cortical imaging primarily for the high bone/muscle contrast allowing easier segmentation of the periosteal boundary, and on the radius HR scan to minimize banding artifacts from off resonance effects. The bSSFP sequence was used to maximize SNR in the HR tibia and calcaneus scans where no significant banding artifacts were present.
The entire length of the MRI examination, including positioning, was from 1 to 1.5 hours, depending on whether any HR scans needed to be repeated. Individual scan times were approximately 20 minutes each for the distal radius, distal tibia and calcaneus.
MRI structural analysis
All images were transferred from the scanner to a Sun workstation (Mountain View, California, USA) for segmentation and quantitative bone analysis using locally written software. Trained experts performed the trabecular ROI definition on the radius, tibia, and calcaneus MR images first using a semi-automated algorithm, and then editing the regions of interest manually. The regions of interest in the radial QCT and MR scans were matched using bone area as a metric in an image registration algorithm. Furthermore, visual coregistration was used to confirm matching ROIs. Cortical thickness (Ct.Th) for the radius and tibia was calculated from the TS images, which showed a clear cortical shell, using endosteal and periosteal surfaces manually defined on each image. The geometric measures were calculated using the 3D direct distance transformation method developed for trabecular structure measurement (23) . Following image binarization apparent trabecular structure measures (24) were derived, as previously described in detail by Majumdar et al. (15) . The trabecular structure measures had to be defined as apparent (app.) due to lower spatial resolution constraints of the MR images. Thus, app. bone volume/total volume (BV/TV), app. trabecular number (Tb.N), thickness (Tb.Th) and separation (Tb.Sp) were computed. Briefly, the total number of bright pixels contributing to the bone phase in the binarised image relative to the total number of pixels in the ROI was used to compute app. BV/TV. The total numbers of black and white pixel edges that cross a set of parallel rays at a given angle θ through the image were counted, and then a measure of the mean intercept length was computed as the ratio between the total area of the bright pixels and half the number of edges. The mean value of the intercept length for all angles provided the width of the bright pixels and was defined as app. Tb.Th. From these measurements, of app. BV/TV and app. Tb.Th, app. Tb.N (area fraction of bright pixels/ app. Tb.Th) and app. Tb.Sp ([1/app. Tb.N] -app. Tb.Th) were calculated. Reproducibility given as the percent coefficient of variation is 3.7 to 5.2 for app. BV/TV, 2.5 to 4.1 for app. Tb.N, 2.9 to 3.4 for app. Tb.Th and 4.0 to 8.3 for app. Tb.Sp (25) . For the tibia and calcaneus analysis the images were first corrected for surface coil sensitivity inhomogeneities using a low-pass filter based algorithm, modified for trabecular bone images.
Analysis regions and registration of MRI and QCT results
A distal endplate reference position was determined for each TS and HR acquisition by visual inspection of the MR images. As all MRI and QCT scans were done in the axial plane, and since no in-plane regional analysis was done, a simple 1D registration (axial shifting) was used to determine matching regions between the MRI and the QCT images. The relative axial shift was determined by a fully automatic routine comparing plots of trabecular area on each slice with respect to position, giving the endplate reference for the QCT images corresponding to that determined manually for the MRI images. For the HR scans the analysis region began 6mm (radius) or 12 mm (tibia) proximal from the endplate reference, and trabecular structure results were averaged over consecutive 4 mm thick image stacks (8 MRI images, 2 QCT images). For the TS scans the analysis region began 20 mm (radius) or 28 mm (tibia) from the endplate, and cortical results were averaged over 4 mm thick image stacks (2 MRI images, 2 QCT images). For MRI results were also calculated as an average over a single larger region: 16 mm thick starting 6 mm proximal from the endplate in the radius, and 12 mm thick starting 12 mm proximal from the endplate in the tibia. These were the largest regions that could be analyzed in all subjects.
Statistics
Relationships between age, body mass index (BMI), QCT derived BMD, and MRI derived trabecular and cortical parameters were evaluated and compared using the Pearson productmoment correlation coefficient (r). For the radius and tibia, MRI derived results (i) were given for four and three individual slices starting 6 and 12 mm from the distal endplate and (ii) were averaged over the entire scan volume (covering 16 and 12 mm). Only correlations reaching a significant p-value < 0.05 are presented in the results section and will further be discussed.
Results
Correlations with age, BMI and weight
The most significant, yet moderate correlation was found between age and BMD of the spine with r = − 0.52 (p < 0.0001), showing a decline in BMD with increasing age. At the hip, a lower, yet still significant correlation of r = − 0.31 (p < 0.05) was found. Of all MRI derived parameters, the only significant, however low correlations (p < 0.05) with age were found at the tibia for app. Tb.N (r = − 0.36) and app. Tb.Th (r = 0.35), suggesting that a loss of trabeculae is compensated by an increase in trabecular thickness. Interestingly cortical parameters were not correlated with age.
BMI and weight dependent correlations with MRI and QCT measurements are listed in Table  1 . At the weight bearing sites (tibia and calcaneus) MRI derived structure measures show significant relationships, with moderate r-values of 0.54 for app. Tb.N of the tibia (p < 0.05). Overall the highest correlations are with weight rather than BMI.
Interrelationship of BMD and MRI measurements
The intersite correlation between BMD values obtained at the spine and at the proximal femur reached r = 0.43 (p < 0.002). Correlations between spine BMD values and MRI derived values were significant at the radius and the tibia for Ct.Th measures (r radius = 0.55, p < 0.05 and r tibia = 0.67, p < 0.0001) and app. Tb.N (r radius = 0.33, p < 0.05 and r tibia = 0.35, p < 0.05).
Proximal femur BMD showed a correlation of r = 0.37 (p < 0.05) with radial app. Tb.N. At the site of the radius, with the only exception for app. Tb.Th, all trabecular structure parameters as assessed by MRI correlated well with BMD values from quantitative computed tomography at the same site (see Table 2 ).
Cortical and trabecular measurements, intrasite and intersite relationships
In terms of intersite relationships, we found the highest and most significant correlations between cort.thick at the tibia and radius (r = 0.55; p < 0.05), between app. Tb.N at the tibia and calcaneus (r = 0.53; p < 0.05) (see Figure 2) and between app. Tb.Th at the tibia and radius (r = 0.48; p < 0.05). Furthermore, at the site of the radius there is an inverse correlation between cortical and trabecular parameters, showing increase in Ct.Th as app. BV/TV (r = − 0.56; p < 0.001) and app. Tb.Th (r = − 0.54; p < 0.001) decrease within the first 10 mm as seen in Table  3 and Figure 3 .
Discussion
In this study the feasibility of in vivo 3T MR imaging for the measurement of trabecular and cortical measures has been demonstrated. Furthermore the intrasite and intersite relationship of trabecular and cortical measures were investigated and correlations with volumetric BMD values as assessed by QCT where evaluated. The major findings are summarized below and will be discussed in detail separately.
Feasible in vivo MR derived trabecular structure measure Tb.N
Our results show that MRI derived app. Tb.N is the structure measure that gives the most significant correlations with age, BMD, BMI and weight. As expected, BMI and weight related correlations with app. Tb.N were highest in the load-bearing sites of the tibia and the calcaneus. Furthermore, both sites showed a significant intersite correlation of r = 0.53 (p < 0.05) for app. Tb.N. Furthermore, out of all MR derived measures obtained in this study app. Tb.N measured at the tibia showed significant correlation with age. At the radius moderate correlations between MRI derived app. Tb.N values and QCT derived BMD values were found. Correlations between spinal BMD and app. Tb.N were nearly equal in the tibia and the radius. The significant and often unique correlation of app. Tb.N with other measures of bone microarchitecture is in accordance with previously published in vitro and in vivo studies (19, 22, 26) .
Inverse relationship of cortical and trabecular measures at the radius
We have assessed Ct.Th at the radius and the tibia and have observed -beyond the correlation with spinal BMD, and beyond a significant intersite relation -an inverse correlation with trabecular measures at the radius. This correlation shows that with increasing app. BV/TV and app. Tb.Th, Ct.Th decreases and vice versa. As, this is only a cross-sectional study on postmenopausal women one needs to carefully consider that it is difficult to differentiate this possible inverse -cortical and trabecular bone -interrelationship from effects of bone loss. Furthermore, when using a fixed distance to the endplate -for different sized bones -different relative distances between the imaged sites of each subject may bias the results. Overall, however, the fact remains that cortical and trabecular bone are interdependent compartments of one system, and bone physiology and bone pathology may not be explained adequately if morphological changes solely in one compartment are being investigated.
Age dependent correlations with BMD and app. trabecular measures
Age dependent correlations were, with the expectation of a moderate decrease in spinal BMD, low within our study. This is most likely caused by the fact that 49% of our study participants were between 50 and 59 years of age. Therefore, our data did not supply the necessary age range to identify possible age dependent changes, considering that the 25% and 75% quartiles ranged from 56.42 and 67.34 years, covering only a difference of 10.34 years. Interestingly for MRI derived measures age showed no correlation with cortical thickness, whereas trabecular measures at the tibia revealed low yet significant correlations with age.
Until recently BMD measurements were the only approach to diagnose systemic bone diseases, however it has been demonstrated that by doing so only a small fraction of the dynamic bone homeostasis in osteoporosis is understood (27, 28) . Incorporation of trabecular bone distribution analysis with BMD measurements have resulted in significant improvements for the prediction of fracture risk and bone strength (14) . It is to be expected that cortical bone structure analysis in combination with trabecular structure analysis will further improve research in this field.
Conclusion
In conclusion our study has demonstrated that 3T MR imaging is a capable tool for the in vivo assessment of trabecular and cortical bone. 3T MRI derived measures show significant correlations with QCT derived BMD, suggesting that the two methodologies assess similar respectively complementary characteristics of bone. Furthermore MRI derived trabecular and cortical structure measures have been shown to have an intrasite dependent relationship. Overall in the future 3T MRI may be an alternative, non-ionizing tool for the assessment of fracture risk. Matched cross sectional images of the distal radius obtained with 3T MR imaging (top row) and volumetric QCT (bottom row) at different slice positions as compared to the endplate (a/ A -6 mm proximal to the endplate; b/B -10 mm proximal to the endplate; c/C -14 mm proximal to the endplate; d/D 18 mm proximal to the endplate). For each slice position, the mean values of the trabecular structure parameters (+/− standard deviation) are given in Table 3a . 3T MR images of the tibia (a, c) and calcaneus (b, d) from two different subjects. Note the sparse trabecular bone structure of the top images (a, b) as compared to the dense trabecular bone structure depicted in the bottom images (c,d). 
